Kir3 channels control heart rate and neuronal excitability through GTP-binding (G) protein and phosphoinositide signaling pathways. These channels were the first characterized effectors of the ␤␥ subunits of G proteins. Because we currently lack structures of complexes between G proteins and Kir3 channels, their interactions leading to modulation of channel function are not well understood. The recent crystal structure of a chimera between the cytosolic domain of a mammalian Kir3.1 and the transmembrane region of a prokaryotic KirBac1.3 (Kir3.1 chimera) has provided invaluable structural insight. However, it was not known whether this chimera could form functional K ؉ channels. Here, we achieved the functional reconstitution of purified Kir3.1 chimera in planar lipid bilayers. The chimera behaved like a bona fide Kir channel displaying an absolute requirement for PIP 2 and Mg 2؉ -dependent inward rectification. The channel could also be blocked by external tertiapin Q. The three-dimensional reconstruction of the chimera by single particle electron microscopy revealed a structure consistent with the crystal structure. Channel activity could be stimulated by ethanol and activated G proteins. Remarkably, the presence of both activated G␣ and G␤␥ subunits was required for gating of the channel. These results confirm the Kir3
27). A model emerging from such studies proposes that opening of the cytosolic gates occurs as the cytosolic domains of Kir channels get tethered to the plasma membrane by virtue of electrostatic interactions between the acidic phosphoinositides and basic binding pockets on the channel surface near the inner leaflet of the lipid bilayer (26, 28) . High affinity of channel-PIP 2 interactions correlates strongly with high channel activity (29) . It has been suggested that channel-PIP 2 interactions affect the cytosolic G-loop gate (19) and that mutations that cause disease alter channel-PIP 2 interactions (25, 29) . Furthermore ethanol has been shown to activate Kir3 channels (6, 7) .
The structure of the Kir3.1 chimera (17) is the first high resolution Kir3 structure that contains both cytosolic and transmembrane channel domains. The chimera contains the Kir3.1 residues Lys 41 (bottom of M2 and C terminus) and the KirBac1.3 residues Phe 45 -Ala 127 (transmembrane domains and extracellular loops). Thus, the chimera is missing the transmembrane domains (Asn 83 -Met 180 ) and the last 129 C-terminal residues (Ile 372 -Thr 501 ) of Kir3.1. The lack of functional expression or reconstitution of activity of this chimeric channel casted doubt as to its usefulness in being utilized as a model for Kir3 structure and function studies.
Here, we aimed to functionally reconstitute the purified Kir3.1 chimera in planar lipid bilayers and to test its sensitivity to molecules that modulate Kir3 activity, such as phosphoinositides, ethanol and G proteins. A three-dimensional reconstruction of the Kir3.1 chimera by single particle electron microscopy was consistent with the crystal structure. Purified Kir3.1 chimera displayed activity only in the presence of phosphatidylinositol 4,5-bisphosphate (PIP 2 ). Ethanol stimulated the activity of the Kir3.1 chimera, consistent with its effect on wild-type Kir3 currents. Interestingly, the activity of the Kir3.1 chimera was inhibited rather than stimulated by nanomolar concentrations of G␤␥ or G␣-GDP or G␣-GTP␥S. Yet, activity of the Kir3.1 chimera was stimulated in the presence of both activated G-protein subunits (i.e. G␣-GTP␥S and G␤␥). Such stimulation recovered approximately half of the PIP 2 -induced activity that had been inhibited by the individual G protein subunits or the heterotrimeric complex. These results pave the way for future electrophysiology and structural studies of the Kir3.1 chimera in complex with the G protein subunits aimed at understanding the molecular basis of Kir3 channel regulation.
EXPERIMENTAL PROCEDURES
Expression and Purification of the Kir3.1 Chimera-The expression and purification of the Kir3.1 chimera was carried out following a previously described protocol (17) with the following modifications: 1) Following incubation with thrombin to remove the His tag the sample was run over a highaffinity cobalt resin (Clontech) for the second time to eliminate uncleaved material and impurities. 2) Size-exclusion chromatography was carried out using a Sephacryl S-200 gel filtration column equilibrated with buffer (8 mM Bis-Tris, pH 6.5, 120 mM KCl, 3 mM DTT, and 5 mM DDM) containing the detergent dodecyl maltoside (DDM). The identity of the Kir3.1 chimera was confirmed by in-gel digestion and mass spectrometry. The yield was ϳ0.5 mg of pure Kir3.1 chimera per liter of Escherichia coli culture.
Electron Microscopy-The Kir3.1 chimera that eluted in peak B (supplemental Fig. S1A ) was diluted (1/20) in gel filtration buffer. A 2-l aliquot of the dilution was adsorbed onto glow-discharged carbon-coated copper grids, and negatively stained with 2% uranyl acetate. The specimen was imaged in a Jeol 2100F FEG transmission electron microscope at 200 kV under low dose conditions, using a 2k ϫ 2k pixel CCD camera at the equivalent calibrated magnification of 63,450 . To avoid biases generated during manual particle selection, we employed a strategy that involves: automated particle selection (30) , followed by statistical analysis, alignment and classification (31, 32) . An initial dataset of 51,000 particles was automatically selected from 130 CCD images using EMAN (30) . The software Xmipp (31, 32) was employed to extract particles in 64 ϫ 64 images , to normalize them and to perform statistical analysis. Following normalization ϳ5% of the initial images were discarded using purely statistical criteria based on the standard deviation of the dataset. The contrast transfer function of the images was estimated using CTFFIND3 (33) and corrected using Bsoft (34) . Subsequently, the particles were grouped into 24 different defocus groups to perform classification and heterogeneity analysis. Alignment of images, two-dimensional and three-dimensional maximum likelihood classification, and reconstruction were performed using Xmipp. To obtain representative families of the heterogeneity present in the specimen, we carried out five successive rounds of MLF2D (multireference two-dimensional alignment using maximum-likelihood in Fourier space), a maximum likelihood algorithm included in the Xmipp package (31, 32) . During this process, particle images with an irregular background, close neighbors, overlapping particles and aggregates were discarded to yield a homogeneous dataset of 19,300 particles. Heterogeneity analysis and three-dimensional reconstruction was carried out using MLF3D (35) . To this end, an initial volume was generated by the common lines method using EMAN and without imposing any symmetry. This volume was then filtered to a resolution of 80 Å, and its gray scale corrected according to the protocol recommended by the developers of MLF3D. From this model, 3 initial seeds were generated (using different subsets from the 19,300 particle dataset) to serve as initial volumes for MLF3D. Following 25 iterations, in which no symmetry was imposed, the two most populated volumes (containing 52 and 34% of the particles) were used to generate 4 new initial seeds for a new round of MLF3D. The resulting four volumes were very similar and their back-projections were comparable to reference-free average classes solved by MLF2D. The first volume, containing 35% of the particle images (6,900 out of 19,300) and an estimated resolution of 24 Å, was selected to calculate the final reconstruction by imposing 4-fold symmetry around the z axis. The 0.5 criterion of the Fourier shell correlation (FSC) was employed to estimate the resolution of the final map.
Reconstitution into Planar Lipid Bilayers-Bilayer experiments were performed as described (36, 37) . Briefly, puri-fied Kir3.1 chimera was used to form proteoliposomes (PLs) by sonicating the purified protein with a 1:1 mixture of bovine brain phosphatidylethanolamine (PE: 10 mg/ml) and phosphatidylserine (PS: 10 mg/ml). The experimental apparatus consisted of two 1-ml buffer chambers separated by a Teflon film that contained a single 50 -100-m hole. A lipid bilayer was formed by "painting" the hole with a 1:1 mixture of PE and PS dissolved in n-decane to a final concentration of 50 g/ml. This resulted in formation of a high-resistance seal between the two cups. For these studies, the Cis side was defined as the chamber connected to the voltage-holding electrode, and all voltages are referenced to the Trans (ground) chamber. Stability of the bilayer was determined by clamping the voltage at various levels. If a resistance was Ͼ100 G⍀, the noise Ͻ0.2 pA, and the bilayer was stable 5 l aliquots of PLs containing the Kir3.1 chimera were added to the Trans side of the chamber and stirred for 5 min. When channel activity was observed, PLs were washed from the Trans chamber to limit further channel incorporation. The orientation of the Kir3.1 chimera insertion was with the intracellular surface facing the Cis side of the bilayer. We attribute our high success of channel insertion at the appropriate orientation to the asymmetry of the lipids used (38) . Records were filtered at 10 kHz, unless otherwise indicated. Channel events with an open time greater than 2.0 ms and a noise level at the open state less than two times the background noise were further filtered at 1 kHz for further analysis (see below). All experiments were performed with either symmetrical buffered solutions or with ionic gradients to examine channel selectivity. Exact composition of solutions used in each experiment is described below. For all of the experiments (Kir3.1 chimera or oocytes membranes) the solutions were similar containing in mM: 150 KCl, 1 CaCl 2 , 1 MgCl 2 , 1% Chaps, 10 Tris-Hepes, pH 7.4. The solutions were symmetrical in both sides of the chamber unless otherwise indicated.
Electrophysiological Data and Statistical Analysis-The bilayer channel events were analyzed using the Clampfit module (version 9.2.1.9) of pClamp (Axon Inc.). The software determines the valid channel transitions (i.e. openings and closings), based on 50% threshold crossing methods. If multiple channel events are observed in a single patch/recording, the total number of functional channels (N) in the patch can be estimated from the number of peaks in the all point amplitude histogram. In such cases, the product of number of channels (N) and the open probability (P o ) can be used to measure the channel activity in the patch. In the records shown in Fig. 5 , C-F, NP o was obtained in 10 s sequential intervals throughout the experiment. For each condition, the reagent indicated was added to either the Cis or Trans side of the bilayer as indicated and the resulting NP o was normalized to the corresponding NP o for PIP 2 . Percent NP o data were pooled together in the summary graphs shown in 5D, F, which plot mean Ϯ S.E. values. Statistical significance shown for these plots was obtained using one-way ANOVA analysis in MicroCal Origin 7.5.
RESULTS

Electron Microscopy and Three-dimensional Reconstruction of the Kir3.1 Channel Chimera
The Kir3.1 chimera was expressed in E. coli and purified (supplemental Fig. S1 ) in DDM, following a protocol described by Nishida et al. (17) . To ensure that the purified protein to be employed in our electrophysiology experiments retained its tetrameric assembly and structural integrity, we performed a three-dimensional reconstruction of the chimera using single particle electron crystallography. Fig. 1A displays a representative field view showing abundant globular particles with a diameter of ϳ100 Å (see "Experimental Procedures"). The remaining subset of particle images (19,300 particles, ϳ38% of the initial dataset) displayed a very high correlation in terms of size and background. The referencefree class averages generated for this subset appeared as different projections from the same object (Fig. 1B) , and displayed an enrichment of lateral orientations (supplemental Fig. S2A ). This subset of 19,300 particle images was employed for three-dimensional reconstruction and refinement, coupled with heterogeneity analysis (35) . Fig. 1C illustrates the reconstructed volume after applying a 4-fold symmetry parallel to the z axis. Back-projections of the three-dimensional reconstruction correspond closely with reference-free class averages (supplemental Fig. S2B ), indicating consistency between the reconstructed structure and the particle dataset. The final structure (Fig. 1C ) was determined to a resolution of 24 Å based on the 0.5 criterion of the FSC (supplemental Fig.  S2C ). Fig. 1D displays a cut-away view to show the fitting of the crystal structure of the Kir3.1 chimera tetramer (PDB code: 2QKS) solved by Nishida et al. (17) .
Overall, our EM map was consistent with the x-ray structure of the tetrameric chimera, indicating that the protein employed in our experiments was indeed tetrameric. Notably, the cytoplasmic region of the x-ray structure fitted very well (manual fitting using CHIMERA (39)) within the envelope of our reconstruction. In the transmembrane region a semispherical additional mass could be observed likely corresponding to DDM molecules arranged concentrically around the transmembrane helices of the chimera. We note that comparable features due to bound detergent have been observed in single particle EM structures of detergent-solubilized membrane proteins both under negative stain (40) and in vitreous ice (41) .
Functional Reconstitution of the Kir3.1 Chimera and Its Characteristic Properties
Unsuccessful Attempts-Nishida et al. (17) concluded their structural study of the Kir3.1 chimera unable to obtain functional reconstitution of this protein. They had attempted functional reconstitution in planar lipid membranes consisting of POPE:POPG lipids in a 3:1 ratio and speculated several potential reasons for the lack of function. 1) There could have been an unmet lipid requirement. 2) The chimera could have been non-functional as a homomultimer, because Kir3.1 is normally functional as a heteromultimer with other members of the Kir3 family.
3) The chimera might have lacked the proper coupling between the cytoplasmic and transmembrane pores; and 4) the prokaryotic transmembrane domain of the chimera could have been problematic for functional reconstitution into the bilayer system, as single channel activity had not been demonstrated for any of the prokaryotic Kir channels.
Because Kir3.1 is found as a complex with Kir3.4 in atrial cells giving rise to K Ach , we first set out to test whether the Kir3.1 chimera could be functionally expressed in Xenopus laevis oocytes or HEK-293 cells, either by itself or in complex with Kir3.4 subunits. Injection into Xenopus oocytes of the Kir3.1 chimera mRNA alone (supplemental (12, 42) .
Tagging of the C-terminal cytoplasmic tail of the Kir3.1 chimera with EGFP (Kir3.1 Chim-GFP) and transfecting HEK-293 cells, revealed lack of cell surface expression (supplemental Fig. S4A ), similar to that previously observed with Kir3.1-GFP alone (e.g. 24) . Even co-transfection of Kir3.4 failed to alter cell surface expression of the Kir3.1 Chim-GFP (supplemental Fig. S4B ), in sharp contrast with Kir3.1-GFP shown previously (21) . These results are consistent with the interpretation that the Kir3.1 chimera neither produces functional homomeric channels nor it localizes to the cell surface. In addition, the chimera failed to show potentiated currents when expressed together with Kir3.4 and to be localized to the cell surface, suggesting a possible failure to associate with Kir3.4. Indeed, the Kir3.1 chimera is missing the 40 amino acid residues of N-terminal end of Kir3.1 that have been shown previously to be critical for heteromeric assembly with Kir3.4 and cell surface localization (21) . Following these unsuccessful attempts to attain functional expression from the Kir3.1 chimera in two different cell systems, we focused our efforts in reconstitution studies into planar lipid bilayers, exploring further the potential problems discussed by Nishida et al. (17) .
Successful Functional Reconstitution in Planar Lipid Bilayers-Bilayer experiments were performed as previously described (36, 37) . Briefly, the affinity purified Kir3.1 chimera was used to form PLs by sonicating at 80 KHz for 1 min with a 1:1 mixture of bovine brain PE (10 mg/ml) and PS (10 mg/ml). For these studies, the Cis (intracellular) side was defined as the chamber connected to the voltageholding electrode and all voltages were referenced to the Trans (ground or extracellular) chamber. The insertion of channels in the bilayer was assessed by the presence of clear current transitions from a level of zero current (see "Experimental Procedures"). Fig. 2A shows that when, along with the purified Kir3.1 chimera contained in perfused PLs, diC8 phosphatidylinositolbisphosphate (PIP 2 ) was added to the Cis but not the Trans side of the bilayer, clear channel activity was obtained. Addition of 50 nM of the naturally occurring arachidonyl-stearyl (AASt) PIP 2 to the Cis side of the bilayer resulted in ϳ100% channel open probability (n ϭ 36). The water-soluble, eightcarbon long analog of PIP 2 , diC8-PIP 2 , although less effective than AASt PIP 2 (43) has proven very useful, as it allows con-FIGURE 1. Single particle EM of the Kir3.1 channel chimera. A, representative field view of the negatively stained Kir3.1 chimera. The inset displays a gallery of characteristic particles. B, reference-free class averages produced by MLF2D, after five cycles of alignment and classification, to produce a working set of 19,300 particles. The percentage of particle images in each class is denoted. Out of 20 possible class averages, the particles in the dataset populated mainly seven classes. C, three-dimensional structure of the Kir3.1 chimera filtered to a resolution of 24 Å. Different views of the calculated isosurface contoured at 3 sigma are shown. D, fitting of the x-ray structure of the Kir3.1 channel chimera (PDB code: 2QKS) inside a cutaway of the volume. The locations of the transmembrane (TM) and cytoplasmic regions (CYT) are given. The region filled with dots around the TM region is suggested to correspond to DDM detergent molecules. struction of dose-response relationships and estimation of relative apparent affinities of ion channels to PIP 2 . The Kir3.1 chimera showed a relatively high apparent affinity for diC8-PIP 2 (EC 50 ϭ 16.75 Ϯ 0.50 M) (Fig. 2B) . In comparison, analogous experiments using inside-out patches from Xenopus oocytes expressing the full-length active homomer Kir3.1* yielded lower apparent affinities (EC 50 ϭ 30.6 Ϯ 3.8 M, n ϭ 3-5), suggesting that the Kir3.1 chimera experiences stronger interactions with PIP 2 than Kir3.1*. Scavengers of PIP 2 , such as poly-Lysine (Fig. 2C) or PIP 2 antibody (PIP 2 Ab, Fig. 2D ) inhibited diC8 PIP 2 -stimulated channel activity when applied to the Cis side but not the Trans side. Similar results using polylysine or PIP 2 Ab were obtained when the Kir3.1 chimera had been activated by AASt-PIP 2 . These results confirmed that Nishida et al. were unable to functionally reconstitute the Kir3.1 chimera in lipid bilayers due to an unmet lipid requirement, namely the presence of PIP 2 .
The Kir3.1 chimera exhibited biophysical properties characteristic of Kir channels. Single-channel currents showed intraburst kinetics exhibiting one closed-time ( c ϭ 0.31 ms) and two open-time ( o1 ϭ 1.6 ms, 02 ϭ 29.7 ms) components (Fig. 3B ) and a 29.3 ϩ 6.7 pS unitary conductance (Fig. 3C) . Inward rectification was obtained in the presence of intracellular Mg 2ϩ (Fig. 3 , A and C, right panel), while a linear current-voltage relationship was obtained in the absence of intracellular Mg 2ϩ (Fig. 3C, left panel) . 100 nM of the peptide Tertiapin Q, which blocks potently Kir3 and Kir1.1 currents (44 -46), added to the Trans but not to the Cis side, inhibited the activity of the Kir3.1 chimera (Fig. 3D) . Both the internal Mg 2ϩ -dependent rectification and the external block by Tertiapin Q are defining characteristics of Kir channels.
Because Kir3 activation by ethanol is thought to result by association of the alcohol in a physical binding pocket of the channel (47), we tested the effects of ethanol on the activity of the Kir3.1 chimera. Fig. 4A shows a representative record, where 0.8% ethanol, a concentration shown to stimulate Kir3 currents (48, 49) , stimulated the activity of the Kir3.1 chimera. The significant stimulatory effect of ethanol on Kir3.1 chimeric currents (n ϭ 3) (Fig. 4B) is an additional functional characteristic of Kir3 channels preserved in the chimera. Another defining characteristic of Kir3 channels is their sensitivity to the ␤␥ subunits of G proteins (4). All Kir3 subunits expressed as homomers or heteromers are activated by the G␤␥ subunits (50, 51) . Nanomolar concentrations of purified G␤␥ (G␤1␥2) failed to stimulate the activity of the Kir3.1 chimera either in the absence of PIP 2 (n ϭ 7) or in the presence of PIP 2 at concentrations that produced submaximal activity (n ϭ 6). Instead, nanomolar concentrations of G␤␥ caused an inhibition of Kir3.1 chimera channel activity by increasing the interburst intervals of unitary channel activity (Fig. 5A) . The IC 50 for G␤␥ inhibition was rather high (48.97 Ϯ 5.91 nM), possibly related to its high PIP 2 apparent affinity (Fig. 5B) . A similar inhibition (25-30% reduction in P o ) was obtained by 16 nM G␤␥, whether the Kir3.1 chimera was activated maximally by diC8-PIP 2 or AASt-PIP 2 (n ϭ 5).
We proceeded to test whether application of purified G␣-GDP affected activity of the Kir3.1 chimera induced by 14.5 M diC8-PIP 2 . 40 nM G␣i 1 -GDP caused an inhibition of channel activity (Fig. 5, C and D) similar to that caused by 42 nM G␤␥ applied before G␣-GDP (not shown). Subsequent application of the complementary G-protein subunit did not have a significant further effect (Fig. 5, C and D, G␤␥ following G␣-GDP). Addition of 100 M GTP␥S caused robust channel activation to levels approximately half of the PIP 2 -stimulated currents. 100 nM Tertiapin Q applied to the Trans side of the bilayer inhibited the GTP␥S-stimulated activity. This result suggested the Kir3.1 chimera could be activated by GTP␥S in a manner similar to Kir3 channels expressed in native or heterologous systems (4, 12) . Moreover, these experiments suggested that activation of Kir3.1 chimera by G proteins required that both subunits were in the active form.
To further assess this requirement of channel activity for both active G protein subunits, we tested whether active G␣ subunits (G␣-GTP␥S) affected the Kir3.1 chimera activity. Again G␣-GDP inhibited diC8 PIP 2 -stimulated activity and application of GTP␥S had no further effect, suggesting that activated G␣-GTP␥S was not sufficient to stimulate activity (Fig. 5, E and F) . G␤␥ following application of G␣-GDP and GTP␥S caused significant stimulation of channel activity, again to levels of approximately half of the PIP 2 -stimulated currents. Application of 100 nM Tertiapin Q to the Trans side of the bilayer inhibited the G␤␥-stimulated activity. These results strongly suggested that G␤␥ stimulation of the activity of the Kir3.1 chimera required the co-presence of G␣-GTP␥S.
To further test whether reconstitution of the G protein signaling system in planar lipid bilayers could support stimulation of Kir3 activity by G␤␥ alone, we proceeded to examine the corresponding response to purified G␤␥ subunits of the full-length active homomer Kir3.1* reconstituted in planar lipid bilayers. We first expressed Kir3.1* channels in Xenopus oocytes and prepared membrane vesicles that were reconstituted in lipid bilayers following a protocol developed by Aleksandrov et al. (52) , for reconstitution of Kir2.1 channels. Again, we found that the presence of PIP 2 on the Cis side of the bilayer was critical for obtaining channel activity. Supplemental Fig. S5 shows that Kir3.1* yielded a comparable unitary conductance of 16 -19 pS in Mg 2ϩ -free solutions, whether recorded in inside-out patches from oocytes (supplemental Fig. S5, A and B) or reconstituted in lipid bilayers (supplemental Fig. S5, C and D) .
Perfusion of inside-out patches expressing Kir3.1* with purified G␤␥ subunits resulted in a clear stimulation of channel activity, whether recorded in inside-out patches from Xenopus oocytes (Fig. 6, A and B) or in lipid bilayers (Fig. 6, C and  D) . These results suggested that reconstitution of purified components of the G protein signaling system into planar lipid bilayers could be lacking a critical component present in the oocyte membranes that enables stimulation of Kir3 currents.
G␤␥ stimulation of Kir3.1 channels expressed in native cells or heterologous expression systems does not require the presence of G␣-GTP␥S (4). Yet in such experiments, one knows neither the identity of all molecules that are participating in the signaling complex, nor their precise functional state. Could G␤␥ stimulation require that some channel subunits are bound to either G␣-GDP alone or in heterotrimeric form (G␣-GDP/G␤␥), while other subunits are bound to G␤␥ alone? In other words could an excess of G␤␥ subunits in the presence of G␣-GDP (or even G␣-GTP␥S) stimulate the Kir3.1 chimera currents? To test for such a possibility, we repeated the experiment shown in Fig. 5 , C and D but before GTP␥S application, we applied an excess of G␤␥ to the Cis side of the bilayer. Excess G␤␥ did not cause a significant change in activity but GTP␥S did (PIP 2 (100%); G␣-GDP (18 Ϯ 2.9%); G␤␥, 42 nM (13 Ϯ 1.7%); G␤␥, 84 nM (16 Ϯ 4.7%); GTP␥S (44 Ϯ 6.2%); Tertiapin Q (10 Ϯ 1.7%), n ϭ 2). These results further reinforced the interpretation that reconstitution of purified Kir3.1 chimera and G protein subunits in planar lipid bilayers either lacked an additional component present in oocyte membranes expressing heterologous Kir3.1* or behaved somewhat differently from Kir3.1 channels. If a missing component was indeed responsible for the difference in response between the Kir3.1* and the Kir3.1 chimera, it would presumably enable G␤␥ stimulation without the need of activating G␣ with GTP␥S.
DISCUSSION
Our study has succeeded in functionally reconstituting the Kir3.1 chimera in planar lipid bilayers and demonstrating that it behaves like a bona fide Kir3 channel: it displays sensitivity to PIP 2 and its scavengers as well as Mg 2ϩ -dependent inward rectification from the internal membrane side, and sensitivity to block by Tertiapin Q from the external surface. Channel activity displayed an absolute requirement for PIP 2 , the lack of which potentially explains previous unsuccessful attempts to functionally reconstitute it (17) . At PIP 2 concentrations that produced submaximal Kir3.1 chimeric activity, ethanol stimulated channel activity consistent with its effects on wild-type Kir3 currents.
A number of unexpected findings were obtained with the G protein subunit gating of the Kir3.1 chimera. First, both G␣-GDP as well as G␣-GTP␥S caused inhibition of PIP 2 -stimulated currents in the complete absence of the G␤␥ subunits. Second, and most unexpectedly, the G␤␥ subunits also inhibited the PIP 2 -stimulated Kir3.1 chimera currents. Third, the combination of G␣-GDP and G␤␥ subunits proved incapable of stimulating channel activity, even when the G␤␥ subunits were used in stoichiometric excess. In contrast, the fourth finding showed that G␤␥ subunits were effective in stimulating activity of the Kir3.1 chimera in the co-presence of G␣-GTP␥S. This result suggests that the Kir3.1 chimera requires both activated G protein subunits in order to have its activity stimulated (Fig. 7) .
How do these results of G protein subunit effects on the Kir3.1 chimera compare with previous studies on Kir3 chan- (n ϭ 3) . The bars at the top indicate the sequential addition of PIP 2 , G␣-GDP, GTP␥S, G␤␥, and Tertiapin Q (concentrations were similar to those indicated in C). All reagents except Tertiapin Q were added to the Cis side of the chamber. F, bar graph of the mean NP o (ϮS.E.) for the time interval between sequential additions of PIP 2 , G␣, GTP␥S, G␤␥, and Tertiapin Q (n ϭ 3). All reagents except Tertiapin Q were added to the Cis side of the chamber. The asterisk (*) indicates significance level of 0.05. nels expressed in native or heterologous cellular systems? First, Dascal and co-workers (53, 54) have argued for an inhibitory role of G␣ i subunits (both G␣-GDP as well as G␣-GTP␥S) that extends beyond their capacity to scavenge G␤␥ subunits. Although there are important differences between their results and those obtained in the present studies, their claim of G␣ effects independent of G␤␥ is supported by the direct inhibitory effects of G␣-GDP and G␣-GTP␥S on the activity of the Kir3.1 chimera in planar lipid bilayers. Second, G␤␥ inhibits neuronal Ca 2ϩ currents (55, 56) , while it stimulates Kir3 currents. Yet in cell systems, it is difficult to discern the exact details of G protein-mediated effects, as the identity of all the components in the signaling complex and the functional state of each participating component are not known. Third, no direct evidence has been presented from experiments with Kir3 channels for stimulatory effects in the copresence of both active G protein subunits. The requirement for an activated G␣s subunit has been demonstrated in the G␤␥ stimulation of certain adenylyl cyclase isoforms (57, 58) . Thus, these new findings with the Kir3.1 chimera will need to be compared explicitly with Kir3 channels expressed in cell and cell-free systems.
Perhaps the greatest un-reconciled difference in the results obtained between prior experiments with Kir3 channels expressed in cellular systems and the present ones carried out with purified components in planar lipid bilayers is that cellfree patches apparently respond to G␤␥ subunits without the need for concurrent G␣ activation. Yet, one can imagine that FIGURE 6 . G␤␥ stimulation of Kir3.1 * activity in inside-out patches or bilayers using membranes from Xenopus oocytes. A, single-channel current traces in an inside-out patch of Kir3.1* expressed in oocytes for Control and after perfusion with 20 nM G␤␥ in the bath. Current traces are also displayed at an expanded time scale. Membrane potential was held at Ϫ160 mV. B, summary data for the effect of G␤␥ on Kir3.1* activity when expressed in oocytes (plotted as % of the control). The means comparison using the Student's t test showed statistical significance at p Ͻ 0.01. C, representative 6.5-s traces of membranes from oocytes expressing Kir3.1* reconstituted in the lipid bilayer. Similar conditions were used for oocyte membranes as was used for Kir3.1 chimera reconstitution in the absence or presence of 20 nM G␤␥ on the Cis side. D, G␤␥ effect on open probability (plotted as % of the control) for five experiments ran under the same conditions as in C. The means comparison using the Student's t test showed statistical significance at p Ͻ 0.05. Structures of the Kir3.1 chimera, the G␣-GDP, and G␤␥, in the plane of the inner leaflet of the membrane bilayer, are shown. Both G␣-GDP and G␤␥, can interact independently or in combination to inhibit PIP 2 -stimulated channel activity, while the same holds true for G␣-GTP␥S. However, in the presence of G␣-GTP␥S, G␤␥ stimulates the activity of the Kir3.1 chimera.
if endogenous G protein-coupled receptors were part of the signaling complex (missing in our bilayer reconstitution experiments), they might cause partial G protein subunit activation through their basal and agonist-independent activity. In such a scenario, G␤␥ stimulation could be coupled to a concurrent G␣ activation for stimulation of Kir3 currents. Alternatively, the replacement of the Kir3.1 transmembrane domains by the corresponding KirBac1.3 region and/or the lack of the last 129 amino acid residues of Kir3.1 could be responsible for this difference. These and other predictions born out from the present experiments with the Kir3.1 chimera model will undoubtedly stimulate new experiments with Kir3 channels expressed in native and heterologous cell systems, as well as in planar lipid bilayers.
To date, progress in structural studies of Kir3-G␤␥ complexes has been hampered in part by the fact that even though crystal structures of G␤␥ dimers exist (e.g., Ref. 59) "functional" Kir3 channels of known structures had not been reported. Various crystallographic studies have provided structural information on Kir3 channels. Two of them lacked the transmembrane region describing the soluble cytoplasmic pores of eukaryotic Kir3.1 and Kir3.2 at 1.8 and 2.3Å, respectively (18, 20) . The third one, the Kir3.1 chimera at 2.2Å, provided the Kir3.1 cytosolic pore in the context of a prokaryotic transmembrane domain (17) . We believe that our single-particle electron microscopy work on the Kir3.1 chimera paves the way for structural studies of Kir3.1 chimera-G␤␥ complexes using hybrid approaches (53) , based on the fitting of existing crystal structures of the individual components to three-dimensional electron microscopy maps. Together with other structural approaches, such as x-ray crystallography and computational chemistry, structural models of complexes between Kir3 channels and G proteins will allow a greater in depth study of G protein regulation of effectors.
The present studies suggest that both G protein subunits are critically involved in the regulation of the activity of the Kir3.1 chimera. Thus it is important that future studies aim to discern the structural interrelationships of the entire signaling complex, which may confer the stability necessary for successful structural studies.
SUPPLEMENTAL MATERIAL EXPERIMENTAL PROCEDURES
Channel expression in Xenopus laevis oocytes and preparation of membranes. For expression in Xenopus laevis oocytes, the coding sequence of the Kir3.1 chimera was PCR-amplified and inserted between the BamH1 and HindIII restriction sites of the dual-function expression vector pXooM (58) . Kir3.1, Kir3.1*, Kir3.4 and M2R cDNAs were in the pGEMHE plasmid vector. Synthesis of capped cRNAs was performed by in vitro transcription using the mMESSAGE mMACHINE T7 kit (Ambion, Austin, TX). Injected oocytes (50l/oocyte) were kept at 19 °C for 2 days to allow for expression of the heterologous proteins and subsequently used for electrophysiological recordings or preparation of membranes. For isolation of the membrane fraction, oocytes were homogenized in 5mM Tris-HCl pH: 8.0, 1mM EDTA, 1mM EGTA containing 10mM NaVO 4 , 10mM NaF and complete protease inhibitor cocktail (Roche, Indianapolis, IN), homogenates were centrifuged for 5min at 5000 RPM (4 o C) and supernatants were subsequently ultracentrifuged at 100,000g for 40min at 4°C in a Beckman Maxima Ultracentrifuge (Beckman, Brea, CA). The pellets were re-suspended by sonicating them with a 1:1 mixture of bovine brain PE (10 mg/ml) and PS (10 mg/ml) and reconstituted in lipid bilayers as described for the Kir3.1 chimera.
Two-electrode voltage clamp:
Recombinant Kir3 channels and M2 receptors were expressed in Xenopus laevis oocytes as previously described (22, 55) . cRNA was produced with T7 RNA polymerase using the Ambion kit. In all experimental groups, cRNA of the M2 receptors was injected at 1 ng/oocyte and the ratio of M2R to the combination of all Kir3 constructs injected was maintained at 1 ‫׃‬ 2. Recordings in Xenopus laevis oocytes were performed 2-4 days following cRNA injection. Whole-oocyte currents were measured by conventional two-microelectrode voltage clamp with a GeneClamp 500 amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA). Electrodes were filled with 3 M KCl dissolved in 1% agarose to prevent the leakage of KCl into the oocytes. The electrodes had a resistance of less than 1 M. Oocytes were constantly perfused with a high-potassium solution (HK) containing in mM: 96 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 HEPES (pH 7.4). M2 receptors expressed in the oocytes were activated by perfusion with high-potassium solution, containing 5 µM ACh (ACh). At the end of each experiment, highpotassium solution containing 5 mM BaCl 2 (Ba) was used to inhibit the Kir3 currents. Current amplitudes were measured at -100 mV. Data acquisition and analysis were achieved using pClamp8 (Axon Instruments/Molecular Devices, Sunnyvale, CA) and Origin 6 (Microcal/Origin, Clemente, CA) software.
Single-channel recording in oocytes:
The cRNA of Kir3.1* was injected at 5-10 ng/50 nl for single channel recordings. Single channel currents were recorded from devitellinized oocytes under a standard excised inside-out patch-clamp configuration (56) with an Axopatch 200 amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA). Single-channel currents were sampled at 5 kHz and filtered at 1 kHz. pClamp was used to drive stimulus protocols and digitize currents. A standard pipette solution, ND96K and FVPP + 20 mM NaCl, was used in both solutions to prevent channel rundown. Recordings were performed 3-5 days following injection. Recording pipettes with a resistance of 1~1.5 MΏ in the both solution were frequently employed. G and short chain diC8 PIP 2 were applied to the intracellular side of excised patches. All experiments were performed at room temperature (~22-25 o C). Data analysis. Single-channel current amplitude was determined by generating amplitude histograms for selected segments and fitted to Gaussian functions. Single-channel conductance values were determined by the slope of current-voltage (I-V) curve between -200 to + 200mV, where I-V data could be well fitted to a linear line. Channel open probability (P o ) was determined with continuous recordings of at least 2,000ms (total 1-3min) using pClamp software. The channel number used was the maximal number of simultaneous channel openings observed.
Confocal fluorescence microscopy:
The C terminus of the Kir3.1-chimera was tagged with enhanced green fluorescent protein (Clontech, Mountain View, CA) by subcloning into pEGFP-N3 plasmid vector.
For mammalian cell expression, HEK-293 cells were grown on coverslips and transfected using lipofection with Kir3.1 chimera-EGFP alone or Kir3.1 chimera-EGFP and Kir3.4. One day after the transfection, cells were fixed in 2.5% paraformaldhyde. Coverslips were washed and mounted onto coverslides using ProLong Gold antifade reagent (invitrogen, Carlsbad, CA). Cells were visualized using a Leica TCS2 AOBS laser scanning confocal microscope. Fig. S1 . Purification of the Kir3.1 chimera. (A) In the final step of the purification, the eluate obtained from cobalt affinity chromatography was run over a Sephacryl S-200 gel filtration column to yield a chromatogram containing three peaks. Peak A eluted at the exclusion volume (36 ml) of the column. (B) A 15% SDS-PAGE analysis of selected fractions stained with coomassie blue shows that peak B contains the majority of the chimera. Two main bands marked by arrows can be observed. As assessed by in geldigestion and mass spectrometry, both bands correspond to the Kir3.1 chimera. The faster band migrates with an apparent molecular weight of 34 kDa, which matches well with the calculated mass (36 kDa) of the chimera monomer. The upper band migrates with an apparent molecular weight above the 212 kDa marker and likely corresponds to the chimera tetramer. In-gel digestion and mass spectrometry confirmed the identity of both bands. 
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